Abstract -This article describes the numerical simulation of the spark plasma sintering (SPS) of the samples of alumina and tungsten carbide powders in the form of square plates with three different radii of curvature at the vertices of 0.8, 1.2 and 1.6 mm. For each of the samples, the temperature distribution of mechanical stresses in the sample and in the mold was obtained. These results can be used to assess the theoretical possibility of sintering inserts by the SPS technology.
Introduction
Spark plasma sintering is one of the most progressive, promising, and dynamically developing methods of synthesis of composite materials and graded materials. This process has been studied in a number of works by various research groups [1, 2] . The process of spark plasma sintering (SPS) is a joint action of high temperature (caused by Joule heating of the sintered material and molds), the axial pressure is up to 150-200 MPa, and DC pulse is of a large force (up to 20 kA) (see Fig. 1 ).
The main advantage of the SPS is the possibility of the synthesis of materials with the properties that were previously unavailable [3] . In addition, the SPS that allows the synthesis of the material is significantly faster than the use other methods of hot consolidation of powders. This is achieved by rapid heating of sintered powder when passing a pulsed direct current of great strength, and, presumably because of the formation of plasma in the areas of contact of the powder particles [2] .
However, at present, wide application of the SPS process in industrial production is limited by the fact that the majority of products made along with this method have a cylindrical shape with the diameter ranging from 20 to 400 mm and the height less than 100 mm. Obtaining the samples of nanocomposite powder materials of the specified shapes and sizes (near-net shape) by SPSis a very relevant and important scientific and technical a Corresponding author: yushindenis@gmail.com problem. This is due to the significant advantages of this technology when introducing it into the industrial production. The consolidation of samples of complex shape from powder materials by the SPS method is currently being studied in a number of works by research groups from different parts of the world [4] . The main difficulty of sintering samples of complex shape is to design special molds and technological processes of consolidation to obtain the desired homogeneity of the microstructure and, consequently, physical and mechanical properties of the sintered sample. Such tasks should be efficiently solved using the numerical simulation of sintering processes by the finite element method, as shown in a large number of publications by various authors [1] [2] [3] [4] [5] [6] [7] .
However, it should be noted that the FEM analysis of the SPS process of samples in the form of cutting inserts has not been described in publications. In this paper, attempt is made with the help of FEM analysis to evaluate the possibility of obtaining samples in a form close to the square shape cutting plate by the SPS method.
FEM modeling sintering of cutting plates
In this study, numerical modeling was carried out by the finite element method process of the SPS of samples from powders of aluminum oxide and tungsten carbide in the form of square plates, similar replaceable indexable inserts standard geometry SNGN with a cutting edge length of 12 mm and with three different radii of the fillets at Article published by EDP Sciences the top: 0.8, 1.2 and 1.6 mm. For each of the samples, the temperature distribution and mechanical stresses in the sample and in the mold were obtained. These results can be used for the preliminary theoretical assessment of the possibility of sintering replaceable indexable cutting plates by the SPS method. Numerical modeling was performed using the software COMSOL Multiphysics. Figure 2 shows the simplified configuration of the mold for sintering samples in the form of square replaceable indexable inserts. The properties of materials -graphite mold, pure aluminum oxide and tungsten carbide -were obtained from standard materials library of COMSOL Multiphysics software (see Table 1 ).
Numerical simulations were performed by solving the dual problem of thermo-electric and static loading in the COMSOL Multiphysics software. The thermo-electric task of heating the sample and the mold by means of application for 120 s of DC current (8 kA for alumina sample and 10 kA for WC sample) was solved using a special module Joule heating. The task of modeling the stressstrain state of the system at the application of static loads to the upper punch size of 40 MPa for 120 s was solved in the Solid Mechanics module of the COMSOL Multiphysics software.
Modeling of temperature distribution
in the sample and the mold Figure 3 shows the temperature distribution in a horizontal cross section of an alumina sample and graphite molds.
After analyzing the presented illustrations, one can see that the distribution of temperature fields during the sintering of the samples of aluminum oxide with different radii at the tops of the plates is identical in character and in magnitude. The temperature gradient is directed from the center on the diagonal of the square cross section of the sample. The temperature difference in the cross section of the sample in all three models is in the range of 30-40
• C. 
(c) Fig. 3 . Temperature distribution in a horizontal cross section of the system: the sample with corner radii of 0.8 mm (a), the sample with corner radii of 1.2 mm (b), the sample with corner radii of 1.6 mm (c). The sample material is Al2O3. Figure 4 shows the distribution of temperature fields in a horizontal cross section of the mold at the level of the center sample of tungsten carbide.
The temperature change charts with a distance from the center of the system, consisting of a sintered sample and mold, were built in the direction of the diagonal of the square cross-section of the sintered sample (Fig. 5) .
The form of the temperature distribution in the horizontal cross sections of the system mold -sample does not depend on the radius of the fillets at the vertices of the sample, and depends only on the material. Figure 6 shows the graphs of the variation of temperature with distance from the center of the sintered samples. The nature of the temperature gradients that occur in the volumes of the alumina samples (Fig. 6a) and tungsten carbide samples (Fig. 6b) is significantly different. When the sintering plate is made of electrically non-conductive material, the temperature increases from the center of the sample, and when the sintering plates are made of conducting material, on the contrary, maximum temperature is reached in the center of the sample. Figure 7 shows the distribution of mechanical stresses in the horizontal section of the specimen and the mold during sintering plates made of alumina. Figure 8 shows similar illustration of the modeling of the sintering process of a plate made of tungsten carbide. The point of greatest interest is the magnitude of stresses in the graphite punches near the sample, namely in the vicinity of the corners as the corners of the mold are stress concentrators.
Modeling of the distribution of mechanical stresses in the sample and the mold
The distribution of mechanical stresses, which can be traced in the above Figures 7 and 8 , leads to the conclusion that, regardless of the material of sintered samples, the greatest mechanical stresses occur during sintering inserts with corner radii of 0.8 mm. However, the magnitude of the mechanical stresses in the graphite punch near the stress concentrator does not exceed 21 MPa at a sintering plate made of alumina (Fig. 9a) , and does not exceed 30 MPa in the case of sintering of a plate made of tungsten carbide powder (Fig. 9b) . This means that in case of the samples sintered of the powders of alumina and tungsten carbide in the form of polyhedral disposable plates with radii at the vertices of 0.8, 1.2 and 1.6 mm, it is possible to use one-part graphite punches.
Discussion
There are no significant differences in the size or the character during the distribution of temperature fields when sintering the samples made of aluminum oxide with various radii at the vertices of plates by the SPS method. The temperature gradient is directed diagonally from the center of the square section of the sample. Temperature differences in the sample's section in three models are 
30-40
• C. This temperature gradient for such a small sample can be considered significant which negatively influences the homogeneity of physical-mechanical properties in the volume of a sintered plate [7] . There are several methods for equalizing the temperature field: the extended hold at a maximum temperature during the sintering process; the application of a matrix of other shapes and sizes or made of other material (not graphite) [3] ; the application of hybrid heating, i.e. additional heating induction element providing additional heating for the press tool [2] .
Regardless the material of the sintered sample, the most significant mechanical stresses take place when sintering the plate with radii at the vertices of 0.8 mm. However, the values of mechanical stresses in graphite plug near the spherical radius at the sample's vertex in the shape of square plate do not exceed 21 MPa during sintering the plate made of aluminum oxide (Fig. 9a) , and do not exceed 30 MPa during the consolidation from tungsten carbide powder (Fig. 9b) . It means that in case of sintering the samples made of aluminum oxide and tungsten carbide powders in the shape of multifaceted disposable plate with radii at the vertices of 0.8, 1.2 and 1.6 mm it is possible to use one-part graphite punches of complex shape, as the limit of graphite's strength used for the production of press tools for SPS, is within the range of 50-100 MPa, depending on the type of graphite.
Conclusions
According to the analysis of the results obtained due to the finite element modeling of spark-plasma sintering of the samples made of aluminum oxide and tungsten carbide powders in the shape of square plates with cutting edge of 12 mm and three various spherical radii at the vertices of 0.8, 1.2 and 1.6 mm, following conclusions have been made. There are no significant differences in the size or the character during the distribution of the temperature fields when sintering the samples in the shape of square plate with various radii at the vertices for each material. The most significant temperature gradients are directed from the center diagonally in the samples made of aluminum oxide, and, oppositely, close to the center in tungsten carbide plates, the temperature differences in the samples sections are within the range of 30-40
• C. This temperature gradient for such small samples is significant which negatively influences the homogeneity of physical-mechanical properties. There are several methods for equalizing temperature field: the extended hold at a maximum temperature during sintering process; the application of a matrix of different shape and sizes, or made of different material (not graphite); using the technology with hybrid heating. Regardless of the material of the sintered samples, the most significant mechanical stresses take place during the sintering of the plate with radii at the vertices of 0.8 mm. However, the values of mechanical stresses in the graphite punch near spherical radius at the sample's vertex in the shape of square plate do not exceed 21 MPa during sintering the plate made of aluminum oxide, and do not exceed 30 MPa during the consolidation from tungsten carbide powder. For the sintering of the samples made of aluminum oxide and tungsten carbide powders in the shape of multifaceted disposable plate with radii at the vertices of 0.8, 1.2 and 1.6 mm it is possible to use one-part graphite punches of complex shape, as the limit of graphite's strength used for the production of press tools for SPS, is within the range of 50-100 MPa, depending on the graphite type. 
